The Radiation Therapy Oncology Group (RTOG) multi-institutional Phase II study 98-12, evaluating paclitaxel and concurrent radiation (RT) for locally advanced pancreatic cancer, demonstrated a median survival of 11.3 months and a 1-year survival of 43%. The purpose of the randomized Phase II study by RTOG 0020 was to evaluate the addition of weekly low-dose gemcitabine with concurrent paclitaxel/RT and to evaluate the efficacy and safety of the farnesyl transferase inhibitor R115777 following chemoradiation. 2 received an identical chemoradiation regimen but then received maintenance R115777, 300 mg twice a day for 21 days every 28 days (CXRT+R115777), until disease progression or unacceptable toxicity. Results: One hundred ninety-five patients were entered into this study, and 184 were analyzable. Grade 4 nonhematologic toxicities occurred in less than 5% of CXRT patients. The most common grade 3/4 toxicity from R115777 was myelosuppression; however, grade 3/4 hepatic, metabolic, musculoskeletal, and neurologic toxicities were also reported. The median survival time was 11.5 months and 8.9 months for the CXRT and CXRT+R115777 arms, respectively.
Introduction
The optimal treatment for locally advanced pancreatic cancer is controversial. Chemoradiation is a standard treatment. 1 However, since systemic progression is common, it has been suggested that the focus of treatment should be with full-dose systemic chemotherapy. 2 This controversy may intensify with the development of a more effective combination chemotherapy such as FOLFIRINOX, which is comprised of oxaliplatin, irinotecan, fluorouracil, and leucovorin. A continuous 5-fluorouracil (5-FU) infusion or capecitabine represent the most commonly utilized chemoradiation regimens. [4] [5] [6] The Brown University Oncology Group developed paclitaxel as a radiation sensitizer for pancreatic cancer in Phase I/II studies. [7] [8] [9] The Radiation Therapy Oncology Group (RTOG) conducted a multi-institutional Phase II study with paclitaxel and concurrent radiation for 110 patients that resulted in a median survival of 11.3 months and a 1-year survival of 43%. 10 Gemcitabine is now widely accepted as one of the most active single agents for pancreatic cancer, and it is a powerful radiation sensitizer. [11] [12] [13] Based on a Brown University Oncology Group Phase I study, 14 the RTOG sought to investigate the regimen of low-dose weekly gemcitabine, paclitaxel, and radiation.
The RTOG hypothesized that if chemoradiation were effective in controlling locoregional disease, then a biologic agent that could interfere with the growth and development of distant metastases would be beneficial in the maintenance setting after chemoradiation.
K-ras mutations are demonstrated in approximately 70%-80% of pancreatic cancers. 15 Farnesylation is a critical step in the membrane anchorage of ras proteins, required for ras activity. R115777 competitively inhibits the enzyme farnesyl protein transferase, which adds a 15-carbon farnesyl isoprenoid moiety to the cysteine residue of ras proteins. At the time this study was initiated, the inhibition of ras by blocking farnesyl transferase was a promising strategy in pancreatic cancer. 16 The RTOG therefore initiated a randomized Phase II study to evaluate if the addition of gemcitabine radiosensitization improved survival, compared to RTOG 98-12, and to study whether the addition of maintenance R115777 could delay the development of distant metastases. This is the final report of the multi-institutional RTOG 0020 protocol.
Materials and methods Eligibility
All patients had pathologically confirmed, unresectable, nonmetastatic adenocarcinoma of the pancreas deemed unresectable by extrapancreatic involvement, extensive peripancreatic lymphatic involvement, nodal involvement beyond the peripancreatic tissue, or encasement or direct invasion of the superior mesenteric vein, artery, inferior vena cava, aorta, or celiac plexus. Ineligible were those with metastatic disease to distant organs, ascites, or peritoneal implants and those who had received prior irradiation to the planned field or prior chemotherapy including gemcitabine or paclitaxel. Patients with biliary or gastroduodenal obstruction had drainage prior to chemoradiation. All malignant disease had to be encompassable within an irradiation field no greater than 15 cm × 15 cm. Patients were not permitted to have a malignancy within the past 2 years, except for nonmelanoma skin cancer or carcinoma in situ of the cervix, uterus, or bladder. Patients were to have radiographically assessable disease, a Zubrod performance status of 0 or 1, and have no significant infection or other coexistent uncontrolled medical condition.
Evaluation prior to treatment
A complete history and physical examination were performed on all patients before treatment. Height, weight, performance status, and tumor stage were recorded. Required staging studies included a chest radiograph and an abdominal computed tomographic scan. Patients were required to have the following laboratory values: granulocytes at $1800/µL, platelets at $100,000 µL, bilirubin at ,2.0 mg/dL, alanine aminotransferase at ,3 times upper limit of normal, and creatine at ,3.0 mg/dL. The study was approved by the institutional review boards of all participating hospitals and complied with the tenets of the Declaration of Helsinki. All patients gave written informed consent according to federal and institutional guidelines.
Treatment
The structure of the protocol is illustrated in the treatment schema in Figure 1 . Radiation therapy was delivered to the primary tumor and draining lymph nodes over 5.5 weeks with coplanar anterior-posterior and lateral ports using a $10 MV linear accelerator. The initial fields included the primary tumor plus the regional peripancreatic, celiac, and porta hepatis lymph nodes. A conedown field was used for the last three fractions to encompass the gross tumor volume with a 1-1.5 cm margin. Computed tomographic scans in the treatment position were used to identify appropriate anatomy. When available, three-dimensional treatment planning was performed. The spinal cord dose was maintained below 45 Gy. No more than 30% of the total kidney volume received 50% of the prescribed dose. Concurrent systemic chemotherapy included paclitaxel, 40 mg/m 2 , and gemcitabine, 75 mg/m 2 , weekly for 6 weeks, then R115777, 300 mg, twice a day for 21 days of a 28-day cycle, 3 to 8 weeks after completion of concurrent therapy.
Quality assurance
Radiotherapy quality assurance for this study included the central review of all diagnostic imaging and simulation films regarding field size, placement, tumor and lymph node submit your manuscript | www.dovepress.com Dovepress Dovepress margin coverage, and isodose distributions. Compliance with chemotherapy parameters was also evaluated.
Statistics
The primary endpoint of this protocol was to determine the 1-year survival rates of patients treated with paclitaxel, gemcitabine, and radiation with or without R115777. Secondary endpoints were to determine the toxicity and locoregional activity of paclitaxel, gemcitabine, and radiation, to determine the feasibility and toxicity of prolonged administration of R115777 after paclitaxel, gemcitabine, and radiation, and to evaluate whether R115777 could increase progressionfree and overall survival after chemoradiation for locally advanced pancreatic cancer.
In the previous RTOG 98-12 protocol for unresectable pancreatic cancer, a 1-year survival rate of approximately 50% was observed. Using the method of Dixon and Simon, 17 a sample size of 69 analyzable patients per arm followed over 12 months would ensure at least 80% probability of detecting a minimum of 15% improvement in the 1-year survival rate, compared to RTOG 98-12, at the 0.05 significance level (with a one-sided test). Adjusting this figure by 10% to allow for patient ineligibility or loss, a total sample size of at least 154 patients was required for this study. A secondary endpoint of this study was to estimate the difference in 1-year survival for the two treatment arms. Assuming a binomial distribution, the difference could be estimated with a 95% confidence interval (CI) with a margin of error of #17.2%.
Chi-squared tests were used to compare pretreatment characteristics between the treatment arms and historical control (RTOG 98-12). Overall and progression-free survival were estimated univariately with the Kaplan-Meier method, 18 and treatment arms were compared using the log-rank test. Reported median survival and progression-free survival times were the times (in years) at which 50% of the patients had failed the respective endpoint. Multivariate analyses were performed with Cox proportional hazard models 19 to test for treatment differences while adjusting for unbalanced pretreatment characteristics or time-dependent covariates. Multivariate analyses were done such that a hazard ratio greater than 1 implied an increased risk for the second level of the variable and a hazard ratio less than 1 implied an increased risk for the first level of the variable. All analyses were performed using SAS software (version 9.2; SAS Institute, Cary, NC). submit your manuscript | www.dovepress.com
Results

Patients
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December 2003. There were 185 analyzable patients for this report: 91 on the CXRT arm and 94 on the CXRT+R115777 arm. Six patients were ineligible; eligibility could not be confirmed for one patient, and three received no protocol therapy. Pretreatment characteristics for the two arms of RTOG 0020 are shown in Table 1 and compared to the historic control from RTOG 98-12.
The pretreatment characteristics were well balanced between the CXRT and CXRT+R115777 arms. Compared to RTOG 98-12, the RTOG 0020 CXRT arm had significantly more node-positive patients and a trend toward more highertumor stage patients than had RTOG 98-12 (P = 0.04 and P = 0.08, respectively), while there was a trend toward more females (P = 0.10) in RTOG 98-12. These differences were not seen in the CXRT+R115777 arm and RTOG 98-12 comparison. RTOG 98-12 had a statistically better Zubrod performance status than either Arm 1 or Arm 2 of RTOG 0020 (P = 0.0001 vs CXRT and P = 0.013 vs CXRT+R115777, respectively).
Quality assurance review of the radio-and chemotherapy treatment showed that 93% and 95%, and 87% and 87%, on the CXRT and CXRT+R115777 arms, respectively, were scored as per protocol or with acceptable variation.
Survival
All RTOG 0020 patients included in this analysis have died. For RTOG 0020, the median survival time was 11.5 months (95% CI: 8.2-12.6) for the CXRT arm and 8.9 months Tables 2 and 3 show univariate and multivariate overall survival for RTOG 0020 and RTOG 98-12. Comparing survival between each arm of RTOG 0020 to patients treated on RTOG 98-12, neither regimen of RTOG 0020 was statistically superior (one-sided log-rank test: RTOG 0020 CXRT vs 98-12, P = 0.15; RTOG 0020 CXRT+R115777 vs 98-12, P . 0.99) to the historical control (Figures 2 and 3) . Given the imbalance of sex, Zubrod, N-stage, and T-stage between RTOG 98-12 and the CXRT arm on RTOG 0020, and the imbalance of Zubrod between RTOG 98-12 and the CXRT+R115777 arm on RTOG 0020, multivariate analyses using a backward selection procedure were performed to evaluate treatment differences after adjusting for these unbalanced variables. After adjusting for the above-mentioned variables, overall survival was still not significantly improved for the CXRT arm, as compared to 98-12. However, the hazard ratio indicated worse survival for the CXRT+R115777 arm. Table 4 displays drug and acute radiotherapy toxicities in Arm 1 (CXRT) and Arm 2 (CXRT+R115777).
Toxicity
Multiple toxicities are scored as separate events. In the group receiving chemoradiation alone, Grade 3/4 hematologic toxicity occurred in one-third of patients. However, grade 4 hematologic toxicity developed in only 4 of 91 patients (4%). Neutropenic fever developed in 5% of patients treated with CXRT. Grade 3 gastrointestinal toxicities, consisting mainly of nausea, vomiting, diarrhea, and dehydration, occurred in one-third of patients. However, only 2% had grade 4 gastrointestinal toxicities. There were no grade 5 treatment-related events.
In contrast, Arm 2, which utilized maintenance R115777 after chemoradiation, was associated with grade 4 myelosuppression in 11% of patients. Grade 3/4 nonhematologic toxicities in the patients receiving maintenance R115777, as compared to no maintenance treatment, included fatigue (12 vs 6 patients), increase in alanine aminotransferase (15 patients vs 1 patient), hypocalcemia (3 vs 0 patients), hyperglycemia (7 vs 0 patients), hypermagnesemia (1 patient vs 0 patients), muscle weakness (1 patient vs 0 patients), myositis (1 patient vs 0 patients), ataxia (2 vs 0 patients), peripheral neuropathy (2 vs 0 patients), confusion (2 vs 0 patients), and myalgia (1 vs 0 patients). Table 5 shows late radiotherapy toxicities.
Discussion
Improving the outcome of chemosensitized external beam irradiation for unresectable cancer of the pancreas has been a goal of national protocols for the past decade; RTOG study 98-12 10,20 evaluated paclitaxel and concurrent radiation without postchemoradiation gemcitabine. 
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This study added low-dose gemcitabine as an additional radiation sensitizer. Paclitaxel is thought to be a synchronizer of cells at G2/M, a relatively radiosensitive phase of the cell cycle. 8, [20] [21] [22] [23] In vitro studies suggest that paclitaxel enhances the cytotoxicity of radiation even in cancer cells resistant to paclitaxel as a single agent, 4 whereas stem cells of the gastrointestinal mucosa are not substantially radiosensitized by paclitaxel. 22 A critical event in gemcitabine-mediated radiosensitization is the inhibition of ribonucleotide reductase by one of its metabolites, difluorodeoxycytidine diphosphate, which in turn leads to depletion of deoxyadenosine triphosphate pools. 24 The greatest radiosensitization effect is noticed in S-phase cells. Additional effects may be the result of the lowering of the threshold for radiation-induced apoptosis by gemcitabine. 24 These differing and potentially complementary pathways of radiation sensitization by these two agents provide an attractive rationale for clinical testing.
Phase I/II studies of gemcitabine plus concurrent radiation showed the maximum tolerated dosage to depend on the gemcitabine dose, schedule, and volume of the radiation field. 11 For example, Hoffman et al 13 escalated gemcitabine from 300 mg/m 2 /week to 600 g/m 2 /week for 6 weeks, with concurrent radiation of 50.4 Gy in patients with potentially resectable pancreatic cancer, irradiating only the tumor, not nodal drainage areas. In contrast, Years from randomization submit your manuscript | www.dovepress.com
Blackstock et al 12 demonstrated that the maximum tolerated dose of twice-weekly gemcitabine was 40 mg/m 2 with 50 Gy radiation and conventional radiation fields. The Cancer and Leukemia Group B 25 performed a confirmatory Phase II trial of gemcitabine 40 mg/m 2 twice weekly, with 50.4 Gy concurrent radiation in locally advanced pancreatic cancer, and found a median survival of 8.2 months. Small bowel and stomach toxicities reduced the maximum tolerated dose that could be achieved with gemcitabine and radiation, especially when relatively large radiation fields were used. Another approach has been reported by McGinn et al, 26 who used full-dose gemcitabine (1000 mg/m 2 weekly for 3 weeks), with radiation confined to the primary tumor. Among 33 patients with response-evaluable disease, ten (33%) experienced an objective response. The maximum tolerated dose was 36 Gy administered in 2.4 Gy fractions.
The combination of paclitaxel, gemcitabine, and external irradiation has been evaluated in a Phase I study by Brown University Oncology Group (BrUOG), showing that the limiting toxicities were gastrointestinal side effects such as nausea, diarrhea, and resultant dehydration, presumably from small bowel toxicity. 14 The level of toxicity of this combination with large radiation fields (averaging 15 × 15 cm) explains the toxicity observed in our study, in which conventional radiation fields similar to those used in RTOG 98-12 were used. Based on these preliminary data, we chose to evaluate weekly gemcitabine at a dosage of 75 mg/m 2 and a lower weekly paclitaxel dosage of 40 mg/m 2 (20% below that used in RTOG 98-12), since the Phase I study suggested they could be logistically incorporated, with acceptable toxicity, into a multicenter treatment protocol.
Our data demonstrate that a dual radiation sensitizer combination produces a median survival of 1-year and a 1-year survival rate of 50%. While these results were not significantly better than paclitaxel and concurrent radiation in RTOG 98-12, they provide further validation of the importance of chemoradiation in locally advanced pancreatic cancer. Using only locoregional treatment, without systemic dosages of gemcitabine, a median 1-year survival of approximately 50% was achieved. In future, one could consider the use of higher radiation doses accompanied by single or multiple radiation sensitizers, especially now that highly conformal treatment can be 
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Tumor dimension R Arm 1 delivered to well-defined tumor volumes, to determine benefit. R115777 following chemoradiation was not effective and may have been harmful. Farnesyl transferase inhibitors have been developed to alter the activity of ras oncogenes and the proteins they encode, which are commonly found in pancreatic cancer, making inhibition of ras a rational target. R115777 has been shown in several preclinical tests to inhibit H-ras, K-ras, and N-ras activity in transformed tumors. 27 Since the original design of RTOG 0020, results from two Phase II studies and a Phase III study failed to show single-agent activity for R115777. In a Southwest Oncology Group study (9924), 28 48 previously untreated patients with metastatic and locally advanced submit your manuscript | www.dovepress.com Dovepress Dovepress pancreatic cancer were treated with R115777 (300 mg orally twice daily × 21 days of a 28-day cycle). The median survival was 3 months, with a time to treatment failure of 1 month. A Belgian study of R115777 for metastatic disease patients 29 showed pharmacodynamic data demonstrating that the drug did indeed successfully inhibit farnesyl transferase activity and suppress farnesylation of a target protein in peripheral blood mononuclear cells. This confirmed mechanism of action did not translate into clinical efficacy, since no objective responses were observed, the median survival was 19.7 weeks, and the 6-month survival rate was 25%. A Phase III study of 688 patients with pancreatic cancer comparing gemcitabine to the combination of gemcitabine and R115777 did not demonstrate an improvement in outcome. 30 Hematologic toxicity from R115777 has been reported in prior studies. The occurrences of neurologic, hepatic, musculoskeletal, cardiac, and metabolic toxicities were not appreciated in prior studies. Some of these toxicities may have been due to disease progression including edema (classified as a cardiac toxicity), hyperglycemia, and hypoalbuminemia. However, the elevation of hepatic transaminases in the absence of hyperbilirubinemia and the neurologic and musculoskeletal adverse events may have been due to the broad range of pathway inhibition by R115777. The appearance and recognition of these toxicities in RTOG 0020, as compared to other studies, may have been due to the effectiveness of the chemoradiation regimen, so that patients remained on R115777 for an extended period of time. The median treatment time was only 77 days in the Phase III study of R115777 in advanced colon cancer. In addition to the Ras family of proteins, R115777 inhibits farnesyl transferase in Rho-B and Rho-E, protein tyrosine phosphatase 4A (PTP4A)-1 and PTP4A-2, centromere-associated protein (CENP)-E and CENP-F, and lamins. This nonselectivity inhibiting multiple pathways may have contributed to the toxicities associated with R115777 maintenance.
In summary, the RTOG trial 0020 failed to demonstrate that the addition of a second radiation sensitizer, weekly gemcitabine, significantly improves survival for patients with locally advanced pancreatic cancer, as compared to RTOG 98-12. However, the 1-year survival of approximately 50% is encouraging and reaffirms the role of chemoradiation in locally advanced pancreatic cancer. In the future, more effective systemic agents, either chemotherapeutic or biologic, will be combined with chemoradiation to optimize locoregional and systemic control to ultimately improve survival.
